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Introduction
In the past decade, implantable antitachycardia devices have emerged as an alternate method of treatment for malignant cardiac tachyarrhythmias unresponsive to antiarrhythmic drugs.^"'^ Patients who are candidates for antitachycardia devices (ATDs) are commonly subject to having more than one distinct monomorphic ventricular tachycardia (VT). In some patients, the rates of two or more distinct VTs may be similar. However, despite similar rates, one VT may he hemodynamically well tolerated and pace terminable, while another VT may he hemodynamically destabilizing and require immediate low or high energy cardioversion.^^"^^ In such cases, it would be beneficial to recognize different VTs and to deliver the most effective treatment for each arrhythmia.
Several arrhythmia recognition algorithms using intracardiac electrogram morphology have been proposed for refining arrhythmia analysis. Investigated methods have focused most commonly upon separating sinus rhythm from monomorphic VT and ventricular fibrillation.^•'*'^^'^^"^'' Rate continues to be the basic classifier for discrimination of these rhythms. Morphological techniques have been advanced as a snpplement to rate criteria, and given tbe capability of some third-generation devices to digitize and store the intraventricular signal, these morphometrics may play an increasing role in tachycardia identification.^'*'^^'^*' One such method, correlation waveform analysis (CWA), has been used for over two decades in coronary care monitoring and long-term ambulatory monitoring for recognition of abnormal cardiac conduction from surface electrocardiographic leads. Correlation waveform analysis is a matched filter (template based) method for discerning a change in bioelectric waveform configuration. It has been applied in recent years to intracardiac eiectrogram analysis and has been demonstrated to differentiate normal from ahnormal cardiac rhythms. It has been shown to be effective in successfully distinguishing sinus rhythm from VT and ventricular fibrillation using intraventricular signals.** As a follow-up to a pilot study undertaken to investigate the effectiveness of correlation waveform analysis in identifying recurrence of similar VT morphologies in the same patient," this study investigated the effectiveness of correlation waveform analysis in identifying different morphologies of VT in the same patient by use of VT template-matching classification. The pattern created by a particular VT was stored for subsequent recognition in a manner similar to Holter matching of "families" of ventricular premature depolarizations.
Methods

Electrophysiology Study
Recordings of ventricular electrograms were ohtained during elective ciinical cardiac electrophysiology studies. All of the procedures were baseline studies without antiarrhythmic drug therapy. VT was defined as having an identifiable and consistent monomorphic surface ECG QRS configuration and axis. Patients gave informed written consent and were studied subsequently in a fasting postabsorbtive state after sedation with 1-3 mg of intraveneous medazalom. After administering 1% lidocaine for local anesthesia, one 7 French and two 6 French side-arm sheaths (Cordis Corporation, Miami, FL, USA) were positioned in the right femoral vein using the Seldinger technique. Three 6 French quadripolar electrode catheters with an interelectrode distance of 1 cm (USCI division, C.R. Bard Inc., Billerica, MA, USA) were introduced and advanced under fluoroscopic guidance. Each electrode catheter had four platinum electrodes with an interelectrode space of 1 cm. A platinum electrode at the tip of each catheter consisted of a half-sphere 2 mm in diameter attached to a cylinder 2 mm in diameter and 1 mm in length. Proximal to the tip electrode were three piatinum electrode rings that were 2 mm in diameter and 2 mm in length. The resulting surface area of the distai pair of electrodes was 12.6 mm^. One electrode catheter was positioned in the high right atrium or right atrial appendage. Two electrode catheters were positioned in the right ventricular apex for right ventricular apical pacing and recording, respectively. Electrograms were recorded on FM magnetic tape [9.525 cm/s) from distal bipolar and unipolar endocardial electrodes positioned in the right ventricular apex. Unipolar configurations were recorded from the distal memher of the right ventricular apex catheter with a reference guidewire located at the femoral site of catheter insertion. Bipolar configurations were recorded from the distal pair of electrodes of the right ventricular apex catheter. Amplifier settings were 1-500 Hz and gains were held constant throughout the recordings. Filter settings of 1-500 Hz were chosen to obtain a wideband intracardiac electrogram for morphological analysis.'' Electrograms were digitized at 1,000 Hz and processed offline by custom software on an Intel 80486DX microcomputer.
Patient Population
The patient population consisted of 16 men and 2 women (age range 45-79). This study was performed on consecutive patient recordings over a 6-month period who met the inclusion criterion of multiple inductions of one or more morphologically distinct VTs.^^ All patients had coronary artery disease with history of myocardial infarction. In eight patients, two separate inductions of a VT identical in 12 of 12 standard surface ECGs were compared and used as a control. In 1 of these 8 patients, a second monomorphic VT was also induced twice and used as a control. Thus, nine paired sets of induced identical monomorphic VTs were available for analysis as a control sample.
Five of the eight patients with control (identical) VTs and ten additional patients evaluated in this study had two or more monomorphic VTs with distinct configurations. Twelve of these 15 patients (80%) had two distinct VT morphologies, 2 patients (13%) had three distinct VT morphologies and 1 patient (7%) had six distinct VT morphologies. Consecutive inductions of each VT with a different monomorphic configuration were labeled using the convention, VTi, VT2, etc. (Table I ). In cases with more than two VT configurations in the same patient, VTi was compared Table 1 . )   330  370  370  370  420  420  420  290  230  450  310  300  290  290  320  270  220  180  270  230  220  220  470  470  470  450  450  470  450  470  310  250  330  270  250 to VT2, VT2 to VT:). and VTi to VT:,, etc. such that all possible combinations in the same patient were considered. Overall, 36 different monomorpbin VTs were induced and analyzed (see Table  II ).
Method of Analysis
Correlation waveform analysis was used to classify morphological differences in the intracardiac electrograms.'^ Templates were constructed of each induced VT by signal averaging 10-15 cycles and were used for cycle-by-cycle comparison of each subsequently induced VT in the same patient. Three VTs occurred spontaneously during electrophysiology studies. The remainder were induced hy programmed stimulation. Cycles used to construct the template were taken from stable monomorphic VT. For example, a VTi template was tested against each individual VT2 cycle and a VT2 template was constructed and tested against each VTi cycle. This procedure was repeated for all possible comhinations. The value of the correlation coefficient, p, is a measure of the similarity of two waveforms, i.e., the template versus a depolarization under analysis, with a value of 1 indicating a perfect match. The correlation coefficient, p, is given by:
._
(Ti-T][Si-S]
;i:
where N = number of template points. Ti = template points. Si = signal points under analysis, T = average of the template points, and S = average of the signal points under analysis. The normalized correlation is independent of amplitude and haseline fluctuations and only measures relative shape differences between the two signals.
A software trigger was used to align the template with the cycle being tested. Eleven values of p were computed for each waveform. First the waveform was aligned at the original trigger location and the calculation was repeated by shifting in a stepwise fashion 5 points to the left and 5 points to the right of the original alignment. The maximum value of these 11 correlations reflected optimal alignment and was taken to be the true correlation coefficient for that depolarization.^"•^^•^^ Mean correlation coefficients [p^^] for each VT passage were calculated separately for (1) the bipolar lead configuration: and (2) the unipolar lead configuration. If p^, was greater than or equal to the threshold value of 0.95 when the ith VT template was compared to all the cycles of the jth VT and when the jth VT template w^as compared to all the cycles of the ith VT (hilateral comparison), then the two VTs were classified as identical or matched, where / and / are indices of successive VT induction in the same patient. If pŵ as < 0.95 in a hilateral comparison of the two VTs, they were classified as distinct or unmatched. STEVENSON 
Results
Quantitative results of the nine paired control sets [reinduction of VT with identical morphology) are given in Table III . and quantitative results of the 33 paired sets of different morphologies are given in Table IV . h:i the control population, the mean correlation coefficient consistently equaled or exceeded the threshold value of 0.95, indicating that the second induction of an identical VT was successfully found to be the same in 9 of 9 (100%) cases in both unipolar and bipolar recordings.
Of the 33 paired sets of 36 distinct VTs having differing morphologies, the mean correlation coefficient (p/Lt) of the bipolar analysis fell below the threshold value of 0.95, successfully classifying VTs as distinct, in 31 of 33 (94%) cases. In 29 of 33 (88%) cases using unipolar analysis, different VTs were classified as distinct. Absolute failure to detect distinct VTs using both unipolar and bipolar electrograms occurred in 2 of 33 (6%) cases (AAEL220 and AAEL266H). Four randomly selected patients, one from the control population and three with more than one distinct VT, were reanalyzed to confirm the reproducibility of each correlation. Mean correlation coefficients of re- Quantitative results of the nine paired control sets (reinduction of ventricular tachycardia with identical morphology), A mean correlation coefticient .5 0.95 is defined as successful matching cf two inductions of the same VT. In the control population, the mean correlation coefficient consistently equaled or exceeded the threshold value of 0.95, indicating that the second induction of an identical ventricular tachycardia was successfully found to be the same in 9/9 (100%) cases in both unipolar and bipolar recordings. peated analyses were found to be similar within 0.01. Exemplary passages of electrograms showing two inductions of identical VTs in the same patient is seen in Figure 1 . Exemplary passages de- picting inductions of two distinct VTs in the same patient are shown in Figures 2 and 3 . Eleven of the 36 distinct VTs required cardioversion for termination, 8 responded to antitachycardia pacing, 5 terminated spontaneously, and in 7, attempts of antitachycardia pacing resulted in the induction of different VTs. The average cycle length of VTs requiring cardioversion was 290 ms. The average cycle length of VTs responding to antitachycardia pacing was 310 ms. The average cycle length of VTs spontaneously terminating was 440 ms. In 8 of the 9 paired control sets, antitachycardia pacing terminated the arrhythmia. In the remaining control set, one induction of the VT spontaneously terminated, while the other induction required cardioversion. In 5 of 15 (33%) patients having more than one distinct VT, more than one method of antitachycardia therapy was required for termination of all VTs. In the remainder, a single method of antitachycardia treatment terminated all VTs (Table I) .
Discussion
From the results of the present study, morphometric analysis using template-matching cor- In earlier generation devices, patients with VTs have been treated with the delivery of a high energy shock,•^•^•^•^ but modern antitachycardia devices offer new diagnostic and therapeutic alternatives to treat tacbyarrbythmias."-^^'^^"^T iered tberapy multiprogrammable antiarrhythmia devices are capable of antitachycardia pacing, cardioversion, and defibrillation. Choices of therapeutic options permit an aggressive response to VTs, which are known to be hemodynamically destabilizing. Conversely, antitachycardia pacing may be the appropriate choice for hemodynamically stable VTs.^'^" Tbe option of treating VTs with antitachycardia pacing eliminates the pain and trauma associated witb cardioversion and avoids premature battery depletion. Comparative efficacy studies have shown that botb antitachycardia pacing and low energy cardioversion are capable of terminating VTs as well as accelerating them. Different VTs respond differently to antitachycardia pacing and low energy cardioversion, and response to one therapy does not predict response to
In tbe present study, tbe rate of the arrhythmia did not appear to determine hemodynamic stability. Slower VTs sometimes required cardioversion for termination, while some faster VTs were terminated with antitachycardia pacing (see Table I ). In the control group, it was observed that the same method of treatment could be used to terminate repeated inductions of the same VT. The results of this study suggest that additional methods of classification need to be considered in addition to the rate criterion, to determine therapeutic options for treating VTs. This study demonstrates tbat morphological analysis may be one means of successfully differentiating multiple ventricular arrhythmias.
Witb the development of devices now capable of tiered therapy has come tbe incorporation of rate zones to allow tailored therapy for slow and fast tachyarrhytbmias.^-^" The tachycardia interval (in ms) and tachycardia duration (number of depolarizations) used for tachycardia detection within each rate zone is independently programmable. To accommodate "electrogram dropout," wbich occurs in low amplitude ventricular fibrillation signals, the ventricular fibrillation detection zone is often set to include ranges that encompass monomorphic VT cycle lengths. While such programming is intended to prevent the misclassification of ventricular fibrillation as a less malignant VT, it imposes the use of more aggressive device therapy tban may be necessary for VTs amenable to antitacbycardia pacing. In one study,'' rapid monomorphic VT with cycle lengths falling within the fibrillation detection zone accounted for 72 of 120 (60%) spontaneous tachyarrhythmias treated as ventricular fibrillation. In addition to discriminating monomorphic VT with differing configurations, correlation waveform analysis has also been demonstrated to distinguish monomorphic VT from ventricular fibrillation.^" Thus, incorporation of automated electrogram analysis has the potential of dramatically refining antitachycardia device therapy. Tbe clinical importance of considering morphology of intracardiac electrograms in identifying arrhythmias is further implied from recent studies using retrieval of electrograms stored in antitachycardia devices. In one study of 16 patients,^^ three patients received out-of-hospital shocks, and verifi-cation of the initiating event from the stored electrogram was recovered via telemetry. A clinical diagnosis was made in all three cases (atrial fibrillation, polymorphic VT, and rate sensing lead disruption, respectively) by visual inspection of tbe signal characteristics and morphology of tbe stored electrograms. In another study"^ the morphology of the initiating events of monomorpbic VT was visually inspected in an attempt to identify mechanisms of initiation of VT. Morphological classification was performed (presumably by subjective means, since no description is given of the method of classifying morphologies), hut there was little question that waveforms of differing morphology were visible in tbe stored electrogram. and the morphology of the tachycardia was distinctly different from sinus rhythm. This was evident despite minimal analog-to-digital sampling rates, limited storage, and severely limited band-pass filtering, wbicb is characteristic of battery operated antitacbycardia devices.
Limitations
Although template-matching appears to be an effective method, it requires multiple calculations per waveform and poses an additional computational demand. Potential implementation of this pattern recognition process in future battery operated implantable devices would best be realized in special purpose hardware for efficiency of computation and low power consumption. The use of digital signal processing (DSP) chips for a bardware implementation of correlation has been demonstrated, in which all processing for each cycle was completed in 30 ixs.^' * DSP chips, although fast, are still too power consumptive at present to be considered for implantable devices, but the design of special purpose VLSI chips of low power is entirely feasible.
Electrogram morphology sometimes varies at the onset of arrhythmias. The creation of tbe template would require time for monomorphic stabilization. However, the capability of ATDs to store multiple electrograms permits off-line template creation of any emerging VTs to be used for subsequent inductions. Correlation waveform analysis was used as a morphometric in this study in order to demonstrate the feasibility of morphological distinction and classification of multiple VTs. Less demanding algorithms have been developed and have been shown to be as effective as correlation waveform analysis in distinguishing VT from sinus rhythm.^^"'^ It remains to be shown whether these methods perform as well in classification of distinct VTs in the same patient. The present study provides encouraging results and suggestions that intraventricular electrograms should be examined further with other classifiers.
Summary
Tbis study and others provide a growing body of evidence that human evaluation of stored electrograms can be duplicated by automated metbods. Characterization of distinct VTs, using VTs induced during clinical electrophysiology studies as well as VTs stored in the memory of antitachycardic devices, appears feasible utilizing unique morphological features derived for design of subsequent recognition algorithms. The addition of morphology to the rate algorithm would allow quicker recognition of VTs known to be bemodynamically unstable, as well as identification of those known to be pace terminable. For patients witb multiple VTs and/or rapid VTs, tbe added capability of recognizing distinct VTs would allow tbe selection of the most appropriate and least discomforting therapy.
